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STUDY OF NOISE-CERTIFICATION STANDARDS

: ,"' FOR AIRCRAFT ENGINES

VOLUME 3: SELECTION AND EVALUATION OF

ENGINE-NOISE-CERTIFICATION CONCEPT

INTRODUCTION

This report is the third in a three-volume series that presents results of
a study of the feasibility of establishing federal standards to limit the
level of noise produced by jet engines. If issued, the standards would be part
of a requiremnt for an engine manufacturer to obtain a noise type certificate
for an engine in addition to the basic engine airworthiness type certificate.
The Introduction of Volume 1 provides additional background information on
the study, [1]1.

Volume 2 contains a discussion of procedures for the measurement of farfield
sound pressure levels and presents specific recommendations for conducting
static-engine tests, analyzing the measurements, and reporting the results, [2].

The subject of this report is the selection and evaluation of a concept for
use as the noise-level standard in a requirement for certification of the noise
produced by an engine of a given type. Sound pressure levels are assumed to
be measured and analyzed in accordance with the recommendations in Volume 2.

The next section describes the selection of the noise-evaluation quantity
and its use as a concept for static-engine noise certification. We then des-
cribe the engines for which farfield noise data and accompanying engine-per-
formance data were obtained. The final two main sections of the report describe

N the method used to analyze the test data and the results of applying the method
to the various sets of measured noise levels.

It was concluded that it would be technically feasible to evaluate the noise
produced by an engine on a test stand for the purpose of engine-noise certi-
fication. The noise-certification concept based on nondimensional A-frequency-
weighted sound power and nondimensional total static thrust is shown to provide
a meaningful rating of the noise produced by a large variety of jet engines
as well as the noise reduction achieved by various noise-control measures.

A cost-benefit analysis to evaluate the economic reasonableness and assess the
appropriateness of a requirement for static-engine noise certification was
not within the scope of the study reported here. Such an analysis would have
required detailed economic data from the engine and airplane manufacturers as
well as estimates of the impact on noise levels in communities around airports
as a consequence of the establishment of a requirement for engine noise certi-
fication in conjunction with the continuing requirements in FAR Part 36 for
certification of airplane noise.

rkt .nr.
.. .f 'Bracketed numbers refer to documents listed in the References Section.



NOISE CERTIFICATION CONCEPT

This Section describes the various noise-evaluation quantities that were
examined and discusses the rationale for selection of nondimensional A-frequency-
weighted sound power as the noise-evaluation quantity of choice. Selection
of appropriate limits for the noise-evaluation quantity would be a consensus
procedure and was not within the scope of the study reported here.

Considerations in the selection of the noise-evaluation quantity were:

*the quantity should have just one possible value at any given engine
power setting;

*the quantity should be sensitive enough to properly indicate the
effect of incorporating noise-control design features within the* basic engine;

o the quantity should not be so different from the quantity used for
aircraft noise certification [i.e., effective perceived noise level
and its comp~onents perceived noise level and tone-corrected perceived
noise level] that an engine manufacturer would have to incorporate
special noise-control design features which would not also help to
reduce the effective perceived noise from an airplane on which the
engine might be installed;

*the quantity should include a frequency weighting so that changes in
engine design to incorporate various noise-control features could be*p expected to be reasonably evaluated in terms of corresponding changes
in community response; and

*the quantity should be readily computed by standard techniques.

Consistent with the recommnendations in Ref. 2, it was also considered that
the noise-evaluation quantity should be computed from equivalent free-field
sound pressure levels, i.e., sound pressure levels free of ground-reflection
effects including spectral distortions caused by phase differences between
direct and reflected sound waves. Thus, the free-field conditions are those
of an anechoic space, not those of a free-field above a perfectly reflecting
plane [i.e., a hemi-anechoic space].

The sound pressure levels used to compute the noise-evaluation quantity should
be adjusted for differences between the atmospheric absorption that was present
under test-day conditions and that which would exist under acoustical-reference-
day conditions.

For reasons enumerated in Ref. 2, the configuration of the test engine was
not to simulate an inlet or exhaust ducts as installed on an airplane. There-
fore, it was considered that the noise-evaluation quantity should not include
any attempt to account for the unique effects associated with various instal-
lations of an engine on an airplane.

Omission of engine-installation effects from the noise-evaluation quantity was
not considered to be a serious detriment because the objectives outlined above
should still be achievable without significant impact on the applicability of
the noise-evaluation quantity for certification of engine noise.
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On the other hand, consideration of forward-motion effects was regarded as a
potentially important element for the noise-evaluation quantity. It was known
that forward motion alters both the directivity as well as the acoustic power
produced by the various sources of sound from turbofan (or turbojet) engines.
In an attempt to develop a method to account for forward-motion effects, we
reviewed various analytical and empirical procedures. For reference, the
Appendix lists the reports that were reviewed as part of the effort to develop
a procedure for quantifying the effects of forward motion on noise measured
around an engine on a test stand.

The review of the literature on forward-motion effects led to the conclusion
not to attempt to incorporate any forward-motion effect in the noise-evaluation
quantity.

That decision was based on two principal considerations:

(1) the state-of-the-art at the time was such that reliable, validated pro-
cedures applicable to all relevant engine noise sources were not avail-
able for the various types and installations of existing turbofan engines;
and

(2) the forward-motion adjustments would have to be applied to the sound
pressure levels produced by each relevant source of engine noise and
no data were available to establish source noise levels for a variety
of engines.

Thus, it was decided not to incorporate either engine-installation or forward-
motion effects. The noise-evaluation quantity was to be based on equivalent
free-field sound pressure levels in the acoustic farfield around an engine on
a test stand. The engine would be equipped with hardwall reference inlet and
exhaust ducts. All noise-control features that are part of the design for the
basic engine would be installed.

* . Having made the decisions described above, there were several alternatives
available for the choice of the noise-evaluation quantity. One choice was the
maximum value of a frequency-weighted quantity along a geometric path such as
an arc of a circle centered on the engine reference point or along a line to
the side of the engine and parallel to the engine centerline. Microphones
have been located on polar or sideline arrays for many engine noise tests.
The frequency-weighted quantity could be perceived noise level, tone-corrected
perceived noise level, or A-frequency-weighted sound level where the perceived

- ..noisiness and A-frequency weighting are given in national (and international)
standards.

The radial distance to the polar arc or the lateral distance to the sideline
V array would need to be specified, but the distance should not be much greater

than the distance at the time of the tests in order to avoid the introduction
of ambiguities during the extrapolation process, especially for extended noise
sources such as jet noise.

Furthermore, the distance could not be a constant (e.g., 50 meters) because
a distance suitable for a small engine would likely place the microphones too

* . close to a large engine, and vice versa.

3
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The choice of a noise-evaluation quantity based solely on a maximum value was,
however, rejected because small changes in engine configuration or atmospheric
condition could produce significant changes in directivity and thus alter the
magnitude of the maximum value. The reproducibility of a measurement of the
maximum value of a noise-evaluation quantity would have to be established before
such a concept could be adopted.

Thus, after considering several options, it was decided to base the noise-
evaluation quantity on a surface-and-time-average measure of the noise produced
by an engine, namely the sound power radiated into the farfield.

The reasons for adopting a measure based on averaging over the area of a closed
surface surrounding the engine as well as averaging over a period of t-'-e
included:

* averaging over the area of a surface for noise levels measured a -,d a
static engine is comparable to the integration over time for no4 levels
measured by a microphone near the ground from an airplane flyin . -head;

* sound power levels, in particular A-weighted sound power levels, are
widely used for rating the noise produced by stationary machinery;

* standard procedures are available in national and international docu-
ments for computing the sound power level produced by a noise source on
a reflecting plane [3, 4);

1 except for atmospheric-absorption effects, sound power level is not a
function of distance from the source and hence should be appropriate for
large as well as small engines; and

. the acoustic power produced by a jet engine should be a function of the
fundamental physical processes by which the fan aid the compressor,
combustor, and turbine components add mechanical and thermal energy to
the flow of air through the engine to produce useful work in the form of
propulsive thrust.

The last of the reasons given above for adopting acoustic power as the funda-
mental component of the noise-evaluation measure was considered to be parti-
cularly important because, as shown by Heidmann and Feiler [5] and by McCune
and Kerrebrock [6], the acoustic power radiated into the farfield by a jet
engine is proportional to the work done on the air flowing through the engine
and hence is proportional to the net propulsive thrust.

The fundamental relation between an engine's acoustic power output and the
net propulsive thrust thus provided a quantity which should be applicable to
a wide range of turbofan (or turbojet) engines.

In addition, if the net thrust is multiplied by a velocity then the product is
a power-like term which can be utilized to form a nondimensional ratio with
acoustic power. A nondimensional ratio avoids confusion that could arise from
the use of various units for the numerator and denominator terms [e.g., watts
per newton, kilowatts per lb, and so on]*
*The nondimensional power ratio is a refinement to the concept based on A-weighted

sound power level that was described in the Appendix of Ref. 2.
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Because the sound pressure levels used to calculate the sound power levels
would be adjusted for differences in atmospheric absorption under test-time
and reference meteorological conditions, the quantity chosen for a velocity
was the speed of sound at the reference temperature of 250 C, i.e., approximately
346 m/s.

The parameter of acoustic power per unit of total net thrust was considered
to be a fundamental measure capable of correlating the sound from a variety
of engines. Thrust forces are routinely measured by most engine test stands
used for acoustical tests. Thus, the selected parameters for the noise-
evaluation quantity can be measured by practical instruments and also permit
physically meaningful interpretations.

The frequency weighting provided by the standard A-weighting is close enough
to the frequency weighting for perceived noisiness that design features incor-
porated to reduce farfield perceived noise levels should yield comparable
reductions in A-weighted sound power levels. Thus, A-weighted sound power
level should be able to satisfy all the requirements for a noise-evaluation
quantity stated at the beginning of this Section.

With WA as the letter symbol for A-weighted sound power in watts, Fn for net
thrust in newtons, and c. for the speed of sound in meters/second, the nondim-
ensional form for the noise-evaluation quantity may be expressed in symbols
as WA/Fn,.

However, because the A-weighted sound power in the numerator will always be
much less than the power term in the denominator, trie standard reference sound
power Wref of one picowatt (I pW = 10-12 watts) was introduced to provide
values for the nondimensional ratio that are greater than unity Introduction
of the standard reference sound power also permitted the usage of sound power
levels as commonly calculated with the decibel as the unit.

Convenient and positive values in decibels for the nondimensional power ratio
on a logarithmic scale were obtained by introducing a reference mechanical
power, iref , into the denominator. A value of one watt was chosen for fref.

Thus,

10 lg[(WA/Wref)/(Fnc-jnref)] = 10 lg(WA/Wref) - 10 lg(Fnc/Ilref) (1)

= LWA - 10 lg(Fnc0,Inref) (2)

where LWA is the standard letter symbol for A-weighted sound power level.

Equation (1) may also be written as

10 lg[(WA/Wref)/(FncInref)] = 10 lg(WA/Fncc)

+ 10 lg(Href/Wref) (3)

or, alternatively, as

10 lg[(WA/Wref)/(FncInref)] = 10 lg(WA/Fnc) + 120 (4)

by substituting the values for Wref and Uref .

5
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The parameter chosen for the independent variable to correlate the data, and
to provide a means of relating the noise-evaluation quantity to engine power
setting, was the nondimensional ratio of the total measured net static thrust
to a thrust-like term. The thrust-like term was the product of the measured
mass flow rate, 4 , of air through the engine and the reference speed of sound,
Ca,.

In symbols, the independent Yariable for use with the recommended noise-
evaluation quantity was Fn/Mc where net thrust, Fn, has the newton as the
unit if mass flow rate M has the unit of kilograms/second and the speed of
sound c, has meters/second as the unit. For the jet engines included in the
study, the nondimensional net thrust ranged from approximately 0.3 to 1.5
over a range of engine power settings.

Note that since ca, is a constant, the ratio Fn/M is essentially equal to the
specific thrust or thrust per unit mass flow rate, i.e., an effective velocity.
Thus, the nondimensional thrust ratio is also a Mach number relative to a
reference speed of sound. The mass flow of the fuel was neglected because
it is small compared with the mass flow of air.

ENGINES AND NOISE DATA

Assessment of the ability of the recommended noise-evaluation quantity to
correlate noise levels produced by various engines required the identification,
acquisition, evaluation, and processing of measured farfield sound pressure
levels. This Section describes the sources of engine noise data that were
examined and gives the characteristics of the fifteen engines for which data
were ultimately included in the study.

Most of the existing measurements of engine noise were acquired by the engine
manufacturers and were regarded as proprietary information. However, some data
were available in the public domain as a result of studies funded by government
agencies. In addition, some data were acquired from engine manufacturers solely
for use in this study, but with the understanding that details of the data
would remain proprietary.

The types of engines included turbojets as well as turbofans in order to provide

information on a limiting case (i.e., bypass ratio zero) as well as high exhaust
velocities. Military as well as commercial engines were included to expand the
size of the data base. Data for one turbojet engine (the Olympus 593) included
an afterburning [reheat] condition as well as maximum static thrust without
afterburning.

The two turbojet engines were production versions of actual engines. The
thirteen turbofan engines included nine production engines and four experimental
engines. Sound pressure levels measured around the experimental engines also
provided information on the ability of the noise-evaluation quantity to assess

6

.............................



the noise reduction associated with different noise-control measures incor-
porated within the basic engine o- in an inlet or exhaust duct.

References 7 to 18 were the sources for the sound pressure level data for the
fifteen engines included in the study. References 19 to 29 contain additional
data that may be useful for future studies.

Table 1 lists the characteristics of the eleven production engines and the
configurations of the inlet and exhaust ducts as they were for the tests for
which sound pressure level data were available.

Note that, although the engines listed in Table 1 are all production engines,
the configuration of the inlet and exhaust ducts is not necessarily the same
as used when the engine is installed on an airplane. The JT4A-3 was installed

S-. on DC-8 airplanes, for example, with an external mixer and a retractable
ejector instead of the round, conical nozzle. Instead of hardwall inlet and
exhaust ducts, the JT8D-15 is usually installed with sound-absorbing duct
linings to reduce fan noise. Similarly, the JT8D-209 is installed on McDonnell
Douglas MD-80 airplanes with an inlet that has sound-absorbing linings on the
duct wall.

Table 2 describes the test configurations of the four experimental engines.
For each engine, the data in Refs. 15 to 18 provided sound pressure levels
for various versions of the inlet duct, fan-exhaust duct, turbine-exhaust
duct, or nozzles. In all, Table 2 lists 30 different test configurations:
ten for the NASA/GE Engine A, thirteen for the NASA/GE Engine C, three for
the NASA/P&WA JT8D-109 Refan, and four for the NASA/Lycoming YF-102 for the
QSRA airplane. The design technology incorporated in the engines of Tables 1
and 2 spans a period of approximately 20 years from the mid 1950s to the mid
1970s. As shown later, the noise reduction achieved over that period of time
is significant.

With the eleven configurations of production engines and the 30 test configur-
ations of experimental engines, there was a total of 41 separate combinations

*'' of engines and test arrangments. For each of the 41, sound pressure levels

were available for from one to eleven different power settings. At each engine
power setting, there were one-third-octave-band sound pressure levels for the
24 bands with preferred frequencies from 50 Hz to 10,000 Hz, and sometimes for
30 bands from 25 Hz to 20,000 Hz. In addition, for each test, one-third-octave-
band sound pressure levels were obtained from as many as 20 microphones.

* .The sum over all test runs of the product of the number of microphones per
test run times the number of power settings per test run times the number of
one-third octave bands represents the total number of sound pressure levels that
had to be transcribed from tabulated data listings. That total was somewhat
more than 68,000 individual 3-digit or 4-digit numbers to a precision of

,-'. 0.1 decibel.

The task of processing the data was accomplished by a digital computer to
produce the values of the noise-evaluation quantity for each data set. The
next Section describes the analysis method incorporated in the computer program
that was prepared to process the data.

7
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Data selected for analysis were, in large part, measured around acoustical
test facilities that met the minimal requirements given in the Appendix of
Ref. 2. Moreoever, all data were checked for internal consistency. Some errors
in the accompanying engine performance data were detected and revised data were
obtained.

ANALYSIS METHOD

The sound power level from an engine at some power setting was computed from
sound pressure levels measured at, or adjusted for inverse-square-distance to,
locations along a circular array with a radius of 45.7 meters (150 feet).
The locations were at engine centerline height above the ground plane. The

"- .~ sound pressure levels were assumed to be those that would be measured in hemi-

anechoic space above a perfectly reflecting plane, i.e., 3 dB greater than would
be measured in anechoic space.

The sound field was assumed to be rotationally symmetric about the engine's
-' ".~ axis. The surface of the 45.7-m-radius hemisphere was divided into zones where

the limiting angles defining the boundaries of the zones were those angles
midway between the polar angles marking the locations of the microphones along
the 45.7-m circular arc.

The sound power radiated out through each zone [in each of the 24 one-third-
octave frequency bands] was computed from the product of the approximate time-

t 'average sound intensity and the surface area of the zone of the hemisphere.

The approximate 1/3-octave-band sound intensity was computed from the farfield
- . 1/3-octave-band sound pressure level by assuming that sound waves at the micro-

phone were nearly plane or spherical waves and thus that farfield sound pressure
levels (re 20 pPa) approximately equal farfield sound intensity levels (re
1 pW/m2). The 1/3-octave-band sound powers through the various zones were
summed to obtain the total sound power radiated through the hemisphere. Sound
power levels were computed in decibels relative to the standard reference
acoustic power of one picowatt (1 pW).

The A-frequency weighting was added to the 1/3-octave-band sound power levels
to determine A-weighted, 1/3-octave-band sound power levels. The A-weighted
sound power in each 1/3-octave frequency band from 50 Hz to 10,000 Hz was then
summed to yield the wideband A-weighted sound power over that frequency range,
i.e., the A-weighted sound power level, LWA.

The total unweighted (or flat-weighted) sound power level, symbol LWT with
T for flaT, was also calculated from the sum of the unweighted 1/3-octave band
sound powers.

As part of the effort under this study, a computer program was prepared to
control the data-processing operations. To enhance the usefulness of the
results, the computer program included a number of features in addition to
the calculation of flat-weighted and A-weighted sound power levels.

The first step was to read in the input sound pressure levels and the accompany-
ing values of atmospheric and engine power conditions associated with the input
sound pressure levels. Because the input data were from diverse sources and

-.-. had been measured around a variety of test stands using a variety of test pro-

8



. cedures, it was necessary to account for the effects of those ,/-r ables in oraer
to adjust the input data to common reference conditions.

Some sound pressure levels were measured by microphones on polp.-;)r masts at
the height of the engine centerline (or higher). Some sound -:',;.u?'e levels
were measured by microphones located near (or on) the ground.

Since it had been decided to compute the sound power levels froi ;ound prcssure

levels that could be regarded as equivalent to those measured in in acoustic
free field above a reflecting plane, the ground-plane sound press'Ire levels
were adjusted to be comparable, in an approximate way, to those wh.ch would
have been measured by pole-mounted microphones at the same radius and angle
relative to the engine reference point. The approximate adJiustment consisted
simply of a subtraction of 3 dB from the measured ground-plane ./3-octave-band
sound pressure levels.

Some of the input data were provided with adjustments already apiied for
differences between atmospheric absorption under test-time conditions and those
for an acoustical reference day with an air temperature of 25' C and a relative
humidity of 70 percent.

The atmospheric conditions for some of the input data were the as-measured
test-time conditions. Some data had been adjusted to conditions of .5' C
and 70-percent relative humidity.

.. -.. For consistency, all input sound pressure levels were adjusted, iV required,
IUA to the atmospheric absorption of an acoustical reference day. "ho. method of

SAE ARP 866A-1975 was used to determine coefficients of atmosph.->: absorption
per unit distance.

Some input sound pressure levels were provided for locations along a sideline,
some for locations along a circular arc. The radius of the arc varied from
30.5 m to 46.5 m. All input sound pressure levels were adjusted to locations
along a circular arc with a radius of 45.7 m (150 ft). As a matt-eI.r of interest,
the data were also adjusted to represent measurements at the same polar angle,
but on a 61-m sideline.

Distance adjustments utilized an inverse-square relationship for spherical
wave divergence on the assumption that the microphones were in the farfield and
all sources of engine noise could be considered as simple acouscic sources at
the engine reference point.

Other than the 3-dB subtraction to approximately convert ground...mcophone
data to pole-microphone data, no adjustments were included to 'm've, the spectral
irregularities caused by ground-reflection interference effe,.it )pectral
irregularities caused by differences between the phases of th -.o.ind waves

impinging on the microphone were not removed for the follwoinq v.ei,.ons: (1)
many measurements were made over a ground surface of dirt or i:"e , u l a r broken
rock of unknown acoustic impedance, (2) most of the pole-nourvci icrophones
were at a height such that the significant spectral irregularitie.-, were at

relatively low frequencies (generally in the 1/3-octave bands hv- n, preferred
frequencies less than 250 H.), and the effect of the A-frn ,- ,y weighting

*". reduces the contribution of the sound power in the low-freque.,' .rd: such
that removal of low-frequency spectral irregularities would rol;. - a large
influence on the total A-we.ghted sound power *vel

*-° 4 * ....



T*s

In addition, at high engine power settings, many engines produce relatively
high levels of sound having a line spectrum with many harmonics of the fan
rotational speed. That sound, often called multiple-pure-tone (MPT) or buzzsaw
sound, is part of the sound produced by an engine and should be included in any
measure of engine noise. Furthermore, the spectrum of MPT sound was believed
to be unique to each specific engine of a given type because of unique fan-blade
spacings and unique fan-blade shapes.

Any computational procedure for removing spectral irregularities caused by
ground-reflection phase-interference effects must not also remove the real
contributions of MPT sounds. An analytical (or combination of analytical and
empirical) procedure capable of properly removing ground-reflection spectral
irregularities from data measured around a variety of test stands, but not
also removing actual MPT sounds, did not exist and was another reason why no
attempts were made to remove spectral irregularities caused by ground-reflection
effects.

Figures 1 to 5 present examples of running the computer program for one set
of input data from a test of Engine C (item 11 in Table 2(b)].

Figure 1 shows the input data as 1/3-octave-band sound pressure levels at
various angles relative to the inlet centerline and along a 46.5-m circular
arc. The headings to the table give a description of the test configuration,
the source of the data, test site, microphone installation method, engine
design-point conditions, and various engine-performance and test conditions.
Note that the ground surface between the engine and the microphones was crushed
rock.

*. At- the foot of the table are listings of calculated values of wideband, flat-
weighted (overall) sound pressure level, A-weighted sound level, perceived
noise level, tone-corrected perceived noise level and the magnitude of the
largest tone correction. The band number for the 1/3-octave band sound pressure
level that caused the largest tone correction is also tabulated at each angle.
Band number 17 (50 Hz) is shown if the tone correction was zero.

To the left of the columns of 1/3-octave-band sound pressure levels are lists
of the standard band numbers and the associated preferred frequencies from
50 hertz to 10,000 hertz. For correlation of the spectra with analytical
studies, the third column from the left also gives the Strouhal number
[STRHL NUMBR].

Strouhal number was calculated from fD/V where f was the preferred frequency,
D was a characteristic dimension of the engine noise source, and V was the
effective velocity of the jet exhaust.

Characteristic dimension D was taken as the equivalent diameter for the total
exit area of the fan and primary nozzles, or 1.4 m in the example of Fig. 1.

Effective velocity V was taken as the ratio of total net thrust to inlet mass
flow rate, or 268.1 m/s for the example of Fig. 1 for a net thrust ^f approxi-

*a mately 97,900 N and a total mass flow rate of 365.1 kg/s.

For Engine C at this highest test power setting, the Strouhal number ranged
.. from 0.26 at 50 Hz to 52.2 at 10,000 Hz.
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.... Figures 2 and 3 show data listings similar to the listings of input data in
Fig. 1, but adjusted for acoustical reference-day atmospheric absorption.

S--Figure 2 gives 1/3-octave-band sound pressure levels on a 61-m sideline.
Figure 3 gives the sound pressure levels at the locations along the 45.7-m-
radius arc.

Sound pressure levels on the 45.7-m arc were used to calculate sound power
levels as follows.

In any frequency band, the sound intensity level, L(j), at the j-th microphone
is approximately equal to the sound pressure level, Lp(j), that is

LI(j) = 10 lg(Ti/Iref) = Lp(j) (5)

where N is the time average sound intensity and Iref is the standard reference
=.. intensi-y.

From Eq. (5), the time-average sound intensity is given by
,"

. = (Iref)110O"ILp j) (6)

Sound power, Wj, radiated through area Aj of the j-th zone of a hemisphere
around the engine is given by

Wj -- Aj (7)

.W where

Aj= fR2(cos e i - cos ei+ I )  (8)

for hemispherical radius R and zone boundary polar angles ei and ei+1.

The sound field is assumed to be rotationally symmetric about the engine's
axis and thus Ij also represents the average sound intensity over zone area

Aj.

The total sound power radiated through all zones is found from

w- wj (9)

and the sound power level from

L W = 10 lg(W/Wref) (10)

The surface-average sound pressure level, <L>, is found by considering the
total sound power to be the product of the surface-average sound intensity,
<>, and the surface area, AH, of the hemisphere. Thus,

W <A(11)

The sound power level may be expressed as
LW = 10 lg[(<T>AH)/Wref] (12)

~11
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By analogy to Eq. (6),

<T = (Iref)[1001<Lp>] (13)

Combining Eqs. (12) and (13) yields

<Lp> = LW - 10 lg(IrefAH/Wref)

= LW - 10 lg(AH/Aref) (14)

where Aref 1 rM2 if Iref z 10" 1 2 W/m2 and Wref 10"12 W.

For a hemispherical radius of 45.7 m, the area term in Eq. (14) is 41.2 dB
and Eq. (14) becomes

<Lp> = LW - 41.2 (15)

For each 1/3-octave band, directivity indexes were calculated at each micro-
phone angle along the 45.7-m-radius circular arc. Directivity index, DI, was
found from

DI(j) z Lp(J) - <Lp> (16)

as the difference between the 1/3-octave-band sound pressure level and the
corresponding surface-average sound pressure level.
Figure 4 presents the directivity indexes calculated from the sample test

data. High-frequency sound pressure levels were most directional (i.e., had
positive directivity indexes) in the forward quadrant from 10 degrees to
60 degrees. Low-frequency sound pressure levels were most directional in the
aft quadrant from 110 degrees to 150 degrees.

Figure 5 lists the calculated values of flat-weighted and A-weighted sound
power levels for each 1/3-octave band. Values for normalized 1/3-octave-band
sound power levels, relative to the corresponding wideband sound power level,
are also tabulated. For the example in Fig. 5, the peak of the flat-weighted
and A-weighted sound power level spectra was in the 1/3-octave band at 500 Hz
at a Strouhal number of 2.6.

Also listed in the data summary on Fig. 5 are: the surface-average 1/3-octave-
band sound pressure levels and the sound pressure levels at the locations on
the 61-m sideline of (1) maximum perceived noise level, (2) maximum tone-
corrected perceived noise level, (3) maximum A-weighted sound level, and

N.: (4) maximum wideband flat-weighted, overall sound pressure level. For the
example, all four quantities had their maximum value on the 61-m sideline at

. an angle of 70 degrees, as indicated at the foot of the table on the lower
right.

The listings below the tabulated data in Fig. 5 give wideband flat-weighted
and A-weighted sound power levels and wideband space-average sound pressure
level.

Flat-weighted and A-weighted acoustic powers, in kilowatts, are tabulated as
1.021 kW and 0.603 kW for the example.

12



Jet-stream equivalent mechanical power was calculated from (1/2)AV2 : (1/2)Fnv
"-. .- *. where Fn = kV and V = Fn/M. With the consistent use of SI units, mechanical

power is in watts if net thrust, Fn , is in newtons and effective velocity V is
in meters per second. The example in Fig. 5 shows an equivalent mechanical
power of 13.13 MW. [The corresponding equivalent mechanical power for the
CF6-50C was nearly 38 MW at the takeoff thrust setting.]

Acoustic efficiency was calculated from the ratio of acoustic power to jet-
stream mechanical power. Figure 5 shows the flat-weighted and A-weighted
efficiencies as 7.8 x 10- 5 and 4.6 x 10- 5, respectively. [For the older and
noisy JT4A-3 engine, the acoustic efficiency of flat-weighted sound power was
significantly greater at 290 x 10-5 for an equivalent mechanical power at
takeoff thrust of approximately 22 MW.]

Sound power levels in the forward (0 degrees to 90 degrees) and rear (90 degrees
to 180 degrees) quadrants were calculated and are also listed at the foot
of the tabulations on Fig. 5.

The noise-evaluation quantity for certification is given, with Eq. (2), by

LWA - 10 lg(Fnc./nref) =

147.8 - 10 lg(97,900 x 346/1) 72.5 dB

for A-weighted sound power level and

150.1 - 75.3 = 74.8 dB

for flat-weighted sound power level.

.. This Section has described the analysis method and its application to one set
of typical test data.. The next Section presents the results of the analyses
of the data in terms of the recommended noise-evaluation quantity.

RESULTS

Numerical results of the study are given in tabular form in Table 3 and in a
graphical format in Figs. 6 and 7.

Table 3 lists the values of the nondimensional sound power [A-frequency
weighted and flat or unweighted] and corresponding values of nondimensional
thrust for the 15 engines, 41 test configurations, and 190 test conditions.
A link between the tabulated data and the configuration of the engine at the
time of the test is given by a reference in Table 3 to the corresponding
entry in Table 1 or Table 2,

The graphical presentations in Fig. 6, for nondimensional A-weighted sound
power, and in Fig. 7, for flat-weighted sound power, illustrate the ability
of the recommended noise-evaluation quantity to generalize and correlate the
sound produced by a wide range of engine types and test configurations.

,' . For many of the production engines in Fig. 6(a), [remembering that the test
configuration was not always representative of an airplane installation],

%"A:"

Qj 13

.-- *



there was relatively little increase in nondimensional A-weighted sound power
with increase in nondimensional thrust or effective jet velocity. Because
the A frequency weighting reduces the contribution of low-frequency sounds, •
such behavior indicates that some source(s) of relatively high-frequency sound
(e.g., turbomachinery noise) had nearly constant strength over a range of
engine power settings.

Over a wide range of engine power settings, the A-weighted noise-evaluation
quantity in Fig. 6(a) had a value between 70 dB and 75 dB, except for the older,
noisy JT3D-3B, the JTBD-15 in the untreated, hardwall configuration, and the
military TF34-GE-100 at the two highest power settings.

The data in Fig. 6(a)(2) for the military TF34-GE-100 engine and the commercial
CF34 show the significant acoustical benefit that resulted from the changes
which were made to derive the commercial enine from the military version.
Although, as shown by the data in Table 4(a) of Ref. 1, the fan rotor blades

* of the CF34 are relatively close to the downstream fan-exit stator vanes, the
blade-vane spacing for the CF34 was increased slightly over that in the TF34.
More importantly, however, the number of fan-exit stator vanes was increased
so that propagation of fan noise at the fundamental blade-passage frequency
would be cut off at approach power settings. Use of these noise-control design
measures in this closely coupled engine yielded the significant reduction of
five to six decibels in A-weighted sound power level at thrust settings ranging
from approach to takeoff. Larger reductions in the sound pressure level at
the fundamental blade-passage frequency are understood to have been achieved.

The experimental YF-102 engine in Fig. 6(b) was tested without sound-absorbing
linings in the inlet or exhaust ducts. The test configurations were intended
to investigate the effect of different nozzle configurations on jet exhaust
noise. The difference between the noisiest and the quietest configurations
was approximately three decibels. In terms of the A-weighted noise-evaluation
quantity, the noise from the QSRA/YF-102 was comparable to that from many of
the more-recent designs for production turbofan engines as well as the experi-
mental JT8D-109 NASA Refan and other low-to-moderate thrust engines in
Fig. 6(a)(2).

The experimental Engine A and Engine C from the NASA/GE "Quiet Engine Program"
produced normalized A-weighted sound power levels that were generally between
60 dB and 70 dB for a great variety of inlet and exhaust duct configurations,
see Figs. 6(c) and 6(d). Those engines, however, were only intended to serve
to demonstrate acoustical technology for suppression of turbomachinery noise.
The nondimensional A-weighted sound power per unit thrust was able to quantify
the differences between the noise from the various test configurations, most
of which are shown on Figs. 6(c) and 6(d). Data for all configurations are
given in Table 3.

* -For Engine A [Fig. 6(c)], the difference between the noisiest and the quietest
of the test configurations was approximately ten decibels. However, the
noisiest test configuration had an inlet duct with simulated blow-in doors.
When the blow-in-door inlet was installed, the A-weighted sound power levels
were approximately two decibels greater than when the inlet with no blow-in
doors was installed.

- 14
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The data in Fig. 6(c) also indicate that the addition of one acoustic ly
treated splitter ring in the inlet duct reduced the A-weighted sound )ower
level by approximately four decibels. The addition of two more splitter rings
(total of three) yielded one to two decibels additional noise reduction.

For Engine C in Fig. 6(d), the test results revealed several interesting
trends. In Fig. 6(d)(1), the data showed the regular increase in noiie reduc-
tion achieved by the addition to the inlet duct of one treated ring splitter,
then two, then three, and finally four ring splitt :'s. Figure 6(d)(2) shows,
among other things, that adding a layer of perforate backed by thick honey-
comb to the inlet wall in front of the fan rotor blades was effective in
reducing fan noise over a wide range of engine power settings, not just at
the higher power settings where multiple-pure-tone (MPT) sounds are prevalent.

While the comparisons based on A-weighted sound power in Fig. 6 were consi-
dered to be appropriate for possible regulatory purposes, the comparisons in
Fig. 7 based on flat-weighted (or unweighted) sound power provide a better
correlation of the data from the production, and near-production, engines.

At moderate-to-high engine power settings, clustering of the data in Fig. 7(a)
was tighter than in Fig. 6(a) because at those power settings the normalized
wideband, flat-weighted sound power tends to be controlled by low-frequency
jet noise that is de-emphasized by the A-weighting but which should have nearly
the same functional dependence on effective jet velocity for many different
engines, see Refs. 5 and 6.

-- For the JT3D-3B and the JT8D-15 engines in Fig. 7(a)(1) and most engines in
Fig. 7(a)(2), at low-to-moderate engine power settings, the variation with effec-

tive jet velocity of nondimensional flat-vieighted sound power per unit of
thrust was less rapid than at higher power settings and was similar to the
variation of A-weighted sound power per unit of thrust shown in Fig. 6(a)
for all engines and the same range of engine power settings. Such a functional
dependence does not detract in any way from the utility of the recommended
A-weighted noise-evaluation quantity for correlation of the measurements of
the total noise from a variety of engines or for its potential use in a require-
ment for certification of engine noise.

The reason for the similar behavior of the flat-weighted and A-weighted sound
power at the low-to-moderate engine thrust settings is likely that the spectrum
of the sound for those engines and at those engine conditions consisted mainly

*of contributions from high-frequency turbomachinery noise such that the two
sound power levels were nearly equal. Data in Table 3 provide several exam-
ples where the normalized flat-weighted and A-weighted sound power levels are
nearly equal at the lower values of normalized thrust (or normalized effective
jet velocity).

Turning again to the moderate-to-high-thrust data in Fig. 7(a)(1), inspection
of the plotted results indicated that the general trend of the data could be
approximated by a fifth-power dependence on normalized jet velocity, bt least

over a range of normalized effective jet velocity from approximately 0.6 to
1.5. Note, however, that for high-bypass-ratio engines, the greatest measured
value of Fn/Mc. was between 0.9 and 1.0.
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In equation form, the approximate fifth-power dependence may be written as

10 l9 F WT/lWre] 50 lg(Fn/MC-) + K (17) -0 gLFnc./nrefj

where K is a constant to be determined from the data at Fn/c 0 = 1.0. A
slight extrapolation may be required to evaluate K for high-bypass-ratio
turbofans.

The fifth-power dependence (or a 50 dB/decade trend slope) also applied rather
well to the moderate-to-high-thrust data in Fig. 7(b) for the experimental
YF-102 engine and for most data in Fig. 7(c) for Engine A. Some of the data
in Fig. 7(c) for Engine A do, however, indicate a trend line with a slope of
less than 50 dB/decade.

On the other hand, the data in Fig. 7(d)(1) and 7(d)(2) indicated much shal-
-. lower slopes ranging from 30 to 33 dB/decade, to as much as 36.5 dB/decade,

but never as steep as 50 dB/decade.

Note that, because of the contribution of low-frequency noise, the flat-weighted
sound power per unit thrust did not provide the same indication of the noise
reduction achieved by acoustical treatment in the inlet and exhaust ducts as
did A-weighted sound power per unit thrust. Compare the results of various
test configurations for Engines A and C in Figs. 6(c) and 7(c) and 6(d) and
7(d).

Another observation from examination of the flat-weighted and A-weighted sound
power data [seen in Fig. 7(a) but perhaps more. clearly in Fig. 6(a)] was that
a remarkable reduction in sound power per unit thrust has been achieved. There
was a difference of the order of ten decibels between the A-weighted sound
power per unit thrust produced by the JT3D engine [designed in the late 1950s]
and that produced by engines from the early 1970s, such as the CF6-50C and
JT9D-70. Comparable reductions in low-frequency jet noise were of the order
of 5 decibels, which is still significant considering that the large high-
bypass-ratio turbofans produce approximately three times as much static thrust
as the smaller low-bypass-ratio turbofans.

It is worthwhile to note that the noise from the two turbojet engines [i.e.,
the JT4A-3 and the Olympus OL-593 in Fig. 7(a)] was well correlated with the
noise produced by the turbofan engines, although the sound power per unit
thrust and the effective jet velocity were both much greater. The flat-
wei ted sound power level from the 0L-593 engine was approximately 20 dB
greater than that from the CF6-50C or the JT9D-70 engines.

Lastly, we consider the acoustic efficiency as the ratio of sound power to
jet-stream mechanical power. The value of the acoustic efficiency may be
obtained directly from the data in, for example, Fig. 7 by the ratio of an
ordinate value to an abscissa value for a given data point.

To determine the value of acoustic efficiency, first determine the ratio of
powers from an ordinate value, i.e., from

WT/FnCa, = 100.1( - 120) (18)
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4> ~ where Y is the ordinate value in decibels as defined by

-WT/ Wref"
Y = 10 Ig LFnc-/nlrefJ (19)

.1

and the constant of 120 dB comes from use of the reference acoustic power of
1 pW and the reference mechanical power of I W.

The abscissa value is read directly from the Fn/Ccv. scale.

Division of an ordinate value by an abscissa value and introduction of a
factor of (1/2) to calculate mechanical jet-stream power as (1/2)FV gives

WT/Fnc. WT

(1/2)[ Fn/ C.] = (i/2)FnVeff (20)

where Veff = Fn/M.

Two examples from Fig. 7(a) yield an acoustic efficiency of 0.33 x 10- for an
ordinate/abscissa combination of 70 dB and 0.6, and of 2 x 10- 4 for 80 dB
and 1.0. Acoustic efficiencies of the order to 10-4 have been reported in the
literature for jet noise when the Mach number of the jet exhaust is approxi-
mately sonic.

The acoustic efficiency of the noisier turbojet engines was much higher. For
the OL-593 at maximum thrust without afterburning, the acoustic efficiency
was approximately 74 x 10- 4 for the combination of 99 dB and Fn/AC 0 = 2.15.

.CONCLUDING REMARKS

The central purpose of the total study reported in this and companion reports
[1,2) was to assess the feasibility of establishing noise-certification
standards for future-design turbofan engines. On the basis of the analyses
that were performed, it appeared that it is technically feasible to create
engine-noise-certification standards. A test procedure can be specified [2]
that should yield repeatable and reproducible values for the sound power levels
produced by a turbofan engine under acoustical reference conditions.

Noise produced by an engine could be regulated by a quantity which provides a
reasonable measure of advances in noise-control technology for both externally-
generated jet noise and internally-generated turbomachinery noise. Implemen-
tation of a program to reduce engine noise, as measured by changes in the
recommended noise-certification quantity, would supplement the continuing
requirements in FAR Part 36 for certification of airplane noise.

It was not possible to make a complete assessment of the feasibility of estab-
lishing an engine-noise-certification regulation. Engine-installation effects
and the effects of flight on the various sources of engine noise were not
quantified. No applicable economic data could be obtained to evaluate the
economic impact of implementing an engine-noise-certification rule. No

. .,. assessments were made of the potential changes in connunity noise levels that
might accompany such a regulation.
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The ii'ncipal acoustical measures that were considered as candidates for regu-
--- lati- engine noise were (1) the maximum noise level in the forward or aft
"' quadi'Awts (along a sideline or an arc around an engine reference point), or

(2) tne sound power level. The A-frequency-weighted sound power level was
. selected as the basic acoustical parameter in the noise-evaluation quantity.

To make the selected noise-evaluation quantity apply to the wide spectrum of
engines that are, or will be, designed fo.- commercial aircraft, the A-weighted
sound power was normalized by the total net static thrust produced by the engine
as installed on an outdoor test stand and equipped with reference inlet and
exhaust ducts [2]. The ratio of the A-weighted sound power, WA, to the total
net thrust, Fn, was then made nondimensional by the reference-day speed of
sound, c,. Te recommended quantity is symbolized by WA/Fnc. With the
decibel as the unit, relative to the standard reference acoustic power, Wref,
of one picowatt and a reference mechanical power, Href , of one watt, the
recommended noise-evaluation quantity is given by

10 lg[(WA/Wref)/(Fnc®/Href)]

The merits of the recommended noise-evaluation quantity are: (1) it provides
a meaningful and objective measure of the effectiveness of noise-reduction
features incorporated into engines, (2) the components of the quantity can be
determined from tests such as those often made by the engine manufacturers,
(3) the quantity lends itself to a simple, but meaningful, interpretation in
a regulatory application.

The proposal developed for an engine-noise-certification concept was that parti-
cular limits, in decibels, be selected for the value of 10 lg[(WA/Wrqf)/
(Fnco/Href)]. The limiting values should be those considered appropriate for
two specified engine power settings.

The selected noise-certification limits would apply to any engine regardless
of design, thrust rating, or bypass ratio. Selection of appropriate values
for the regulatory limits would be the responsibility of the certifying author-
ity and would require additional study. The recommended engine power settings
for demonstration of compliance with the noise-certification standards are:
(1) static takeoff-rated thrust, and (2) some fraction of takeoff-rated thrust
representative of an in-flight approach power setting.

This report presented results of analyses of farfield sound pressure levels
measured around fifteen engines. The engines included eleven production versions
and four experimental versions. The analyses included examinations of sound
power levels with and without the A-frequency weighting. Results were presented
in terms of the nondimensional net total thrust Fn/Mc- or effective jet Mach
number Veff/ci where Veff = Fn/M and 4 is the total mass flow rate of air
into the engine.

Data from the fifteen engines showed that the recommended noise-evaluation
quantity provided a good correlation of the test results and would be a suit-
able candidate for use in a requirement for certification of engine noise.

A general conclusion from observation of the test data was that future reduc-
tions in engine noise will require the design of engines so that the specific
thrust (thrust per unit mass flow rate) is as low as practical. Sound-absorb-
ing material and other design features would then be incorporated to further
reduce noise from turbomachinery stages.
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Table 1. Test configurations for
production engines.

item engine description
1 JT15D-1 general-aviation P&WA turbofan, NASA-Lewis test run

AR 54-1, inflow-control device ICD No. 1, no exhaust-noise
muffler, hardwall inlet and exhaust ducts, separate-flow
nozzles [Ref. 7]

2 TF34-GE-100 GE turbofan used on A-10A airplane; hardwall production
ducts [Ref. 8]

3 CF34 GE turbofan used on Canadair Challenger 601 airplane;
4commercial derivative of military TF34; production hard-
.wall ducts [Ref. 9]

4 JT4A-3 P&WA turbojet used on initial models of DC-8 and 707
airplanes; round conical nozzle [Ref. 10]

5 JT3D-3B P&WA turbofan used on DC-8 and 707 airplanes; production
hardwall DC-8 short fan duct [Ref. 11]

6 JT8D-15 P&WA turbofan used on DC-9, 727, and 737 airplanes; hard-
wall bellmouth inlet, hardwall fan duct and tailpipe
[Ref. 12]

7 JT8D-209 P&WA turbofan used on MD-80 airplanes; hardwall bellmouth
inlet, treated fan duct, hardwall tailpipe, 12-lobe inter-
nal mixer [Ref. 12]

8 JT9D-70/CNS P&WA turbofan used on DC-IO and 747 airplanes; treated
inlet, treated fan case, treated fan duct, treated tail-
pipe [Ref. 12]

9 CF6-6D GE turbofan used on DC-10 airplanes; treated inlet, treated
fan case, treated fan duct, treated tailpipe [Ref. 13]

10 CF6-50C GE turbofan used on DC-IO, 747, and A300B airplanes;
treated inlet, treated fan case, treated fan duct, treated
tailpipe [Ref. 13]

11 OL-593 Rolls Royce (Bristol) Olympus 593 afterburning turbojet
engine for Concorde airplanes; production configuration
with variable-area nozzle [Ref. 14]
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Table 3. Engine noise levels in terms of recouue.,dad

.-. noise-evaluation quantity.

(a) Production engines.

"" Table
ea  =- (Z

"-"i tern engi ne re fe rence U. --
S1JTI5D-1 1-1 0. 301 70. 71. 9

•"0.386 6M. 72.0
0 . 446 6.9.1! 71.00 . 497 6 9. 3, 71.1

i: : 0. 551 6 .0. 7!. 6
=.%- 0 .689 7 5 876 .9
_ 0.794 75477.7

,.2 TF34-GE-10O0 1-2 0.199g 65.9? 67.1l
-"0.277 67. t 68.1]

0. 487 "7 6'.. 74.4

.-: - -
0 68 77.7.....

3 CF34 1-3 0.41 65. 66.8
0.386 6.3. 7.0

* 0.45 67.5 68.4
0 . 47 69. G 70.8
0.53 69.3 71.1
0.57 72.6 73.8
0.59 75.5 76.9

•"0 .7 7 -7 . -76 .00.79 74.4 77.0
.- 20.182 7 6. 78.14 JT4A-3 1-4 1.7.7 89.0 94.1

5 JT3D-3B 1-5 0.287 7. 70.0
0.626 .3." 78.0
0.681 73.3 78.5
0.746 3. 79.0
0.845 69.4 1.4
0.5 32.3 83.9
1.003 3:.) . 75.5

L.4

10882 T). 87.0

"" asee Table I for descriptions of test configurations.
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0.8 7. 7.



Table 3. Continued.

(a) Production engines (Concluded).

4--0

Table
item engine reference C

6 JTBD-15 1-6 0.624 76.9 77.1
0.727 77.5 78.0
0.917 77.3 79.3
1.103 78.6 82.7
1.265 80.7 85.8
1.453 83.8 88.9

7 JT8D-209 1-7 0.620 69.7 71.1
0.715 70.1 72.5
0.817 73.4 75.3
0.946 73.2 76.9
0.993 73.8 77.9
1.133 76.5 81.6

8 T9-70/CNS 1-8 0.5 6867.7

0.592 68.0 69.0
0.756 69.7 73.2
0.802 69.7 74.4
0.855 69.9 75.5
0.887 70.3 77.2

9 CF6-6D 1-9 0.526 68.5 69.1
0.599 70.0 70.8
0.782 72.4 74.5
0.842 72.3 75.1

10 CF6-50C 1-10 0.581 69.0 69.9
0.630 70.6 71.5
0.905 71.6 76.0
0.985 72.5 78.2

11 OL-593 1-11 2.15 - 98.9
2.45 - 99.9

. 24

24

-.. . .. . .. .. . ... . . .. . ... " .



Table 3. Continued.

K: (b) Experimental engines.

4-

4--l W

itm enn efrne . -.. B -

S-u

LA.

UU

Tableb
item engine reference U

1 QEP-A 2(a)-I 0.476 65.2 66.1
0.728 71.0 74.0

2 QEP-A 2(a)-2 0.552 67.7 68.9
0.646 69.5 71.1

3 QEP-A 2(a)-3 0.554 65.5 66.9

4 QEP-A 2(a)-4 0.476 63.4 64.9
0.548 64.9 67.2
0.630 67.5 70.3

.. 0.728 68.5 72.9

5 QEP-A 2(a)-5 0.476 65.0 65.9
0.548 67.1 68.5
0.728 71.5 73.9

6 QEP-A 2(a)-6 0.462 67.0 67.3
0.554 69.7 70.0

' "0 . 630 ?1.3 71.9

0.712 72.5 74.3

S- 7 QEP-A 2(a)-7 0.476 57.9 61.7
0.548 60.1 64.7
0.630 61.9 67.5
0.728 64.5 71.7

8 QEP-A 2(a)-8 0.476 59.0 62.5
0.548 60.4 64.9
0.630 62.1 68.1
0.728 64.5 71.6

9 QEP-A 2(a)-9 0.476 57.5 61.8
0.548 59.7 65.1
0.630 61.4 67.7
0.728 64.2 71.6

10 QEP-A 2(a)-10 0.476 60.0 63.0
0.548 61.8 65.8
0.630 63.5 68.5

<.- bSee Table 2 for descriptions of test configurations.

25



Table 3. Continued.

(b) Experimental engines (Continued). j

4- 4--

4- 4-- W

M C 33C
ILL. IL

Table C
item engine reference U.

11 QEP-C 2(b)-I 0.458 68.1 68.7
0.557 71.6 71.8
0.657 77.5 77.4
0.775 77.5 78.8

12 QEP-C 2(b)-2 .0.458 60.3 62.6
0.557 61.8 65.3
0.657 62.8 66.5
0.775 64.6 69.3

13 QEP-C 2(b)-3 0.458 65.2 66.9
0.557 68.2 69.6
0.657 70.0 71.5
0.775 72.2 74.0

I 14 QEP-C 2(b)-4 0.458 60.7 62.7
0.557 61.7 64.7
0.6F7 63.2 67.0
0.775 65.7 70.6

15 QEP-C 2(b)-5 0.458 62.7 64.2
0.557 63.6 66.4
0.657 64.4 67.4
0.775 67.2 70.8

16 QEP-C 2(b)-6 0.458 60.3 62.7
0.557 61.6 65.0
0.657 63.9 67.4
0.775 66.5 71.4

" 17 QEP-C 2(b)-7 0.458 62.5 64.7
0.557 63.2 66.2
0.657 64.9 67.9
0.775 67.3 71.5

18 QEP-C 2(b)-8 0.458 63.3 64.9

0.557 64.6 67.0
0.657 67.4 69.4
0.775 67.7 71.5

26
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Table 3. Continued.

(b) Experimental engines (Continued).

Table

item engine reference U. -

19 QEP-C 2(b)-9 0.458 6.3.2 64.8
0.557 66.2 68.0
0.657 68.2 69.6
0.775 68.8 72.0

20 QEP-C 2(b)-10 0.458 64.1 35.1
0.557 67.5 68.4
0.657 70.2 70.8
0.775 71.7 74.2

21 QEP-C 2(b)-li 0.458 65.4 66.3
0.557 69.0 69.5
0.657 71.8 72.4
0.775 72.5 74.8

22 QEP-C 2(b)-12 0.458 63.6 65.0
0.557 66.4 67.8
0.657 68.5 69.5
0.775 69.5 72.0

23 QEP-C 2(b)-13 0.458 63.1 64.5
0.557 64.5 66.4
0.657 66.9 68.7
0.775 68.3 71.5

24 JT8D-109 2(c)-l 0.610 72.5 73.2
0.610 72.8 73.5
0.610 73.1 73.7
0.829 74.6 76.2
0.829 75. 5 77.3
0.829 74.9 76.5
1.000 76.3 80.0
1.000 76.6 80.3

25 JT8D-109 2(c)-2 0.610 69.3 71.0
0.610 6.5 71.1
0.610 69.V 71.4
0.615 69.7 71.3
0.829 72.3 75.3
0.829 72.4 75.4
0.829 72.4 75.4
0.829 72.6 75.6
0.966 7 79.7
0.969 75.8 79.7
0.969 76.0 80.2 27
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Table 3. Concluded.

(b) Experimental engines (Concluded).

I IL

Table

item engine Tbeferenc
26 JT8D-109 2(C)-3 0.610 68.9 70.9
I-.'"0. 610 69.0 70.9
=.0.610 68.9 70.8

0.822 71.4 75.1
0.822 71.2 74.8
0.836 71.1 74.9
1.006 75.4 80.2
1008 75.2 79.4

27 QSRA/YF-102 2(d)-i 0.393 66.1 67.1
0.473 67.3 68.7
0.607 70.8 72.2
0.717 74.8 76.2
0.841 74.8 78.9

28 QSRA/YF-102 2(d)-2 0.356 68.1 68.8
0.434 69.3 70.1
0.556 71.3 72.0
0.639 75.5 75.8
0.749 76.3 77.8

29 QSRA/YF-102 2(d)-3 0.385 64.8 65.6
", 0.467 66.7 67.6

0.604 68.5 70.5
0.618 68.9 70.6
0.710 71.9 74.5
0.797 74.9 78.1

30 QSRA/YF-102 2(d)-4 0.377 66.3 67.2
0.456 68.1 69.0
0.585 69.8 70.8
0.690 73.9 75.0
0.792 76.0 78.4

2.o8o
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(c) Quiet Engine A [Table 2(a)].
0 inlet w/ simulated blow-in doors [2(a)(6)]
O3hardwall baseline ducts [2(a)(1)]
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Fig. 6. Continued.
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APPENDIX

REFERENCES FOR EFFECTS OF FORWARD MOTION
ON NOISE FROM JET ENGINES

1. Bushell, K. W. Measurement and Prediction of Jet Noise in Flight.
AIAA Paper 75-461, March 1975.

2. Lowrie, B. W. Simulation of Flight Effects on Aero Engine Fan
*. Noise. AIAA Paper 75-463, March 1975.

° 3. Roundhill, J. P. and Schaut, L. W. Model and Full Scale Test Results
Relating to Fan Noise In-Flight Effects. AIAA Paper 75-465, March 1975.

* 4. Hanson, D. B. Measurements of Static Inlet Turbulence. AIAA Paper 75-467,
March 1975.

5. Brooks, J. R. and Woodrow, R. J. The Effects of Forward Speed on a
Number of Turbojet Exhaust Silencers. AIAA Paper 75-506, March 1975.

6. Crighton, D. G., Ffowcs Williams, J. E. and Cheesman, I. C. The Outlook
for Simulation of Forward Velocity Effects on Aircraft Noise. AIAA
Paper 76-530, July 1976.

7. Ribner, H. S. (ed.) Workshop on Effects of Forward Velocity on Jet Noise.
NASA Langley Research Center, January 15 and 16, 1976.

8. Clapper, W. S., et al. High Velocity Jet Noise Soufce Location and
Reduction, Task 4 - Development/Evaluation of Techniques for 'Inflight'
Investigation. FAA-RD-76-79, IV, February 22, 1977.

9. Chun, K. S., Berman, C. H. and Cowan, S. J. Effects of Motion on Jet

Exhaust Noise from Aircraft. NASA CR-2701, June 1976.

10. Strout, F. G. Flight Effects on Noise Generated by the JT8D-17 Engine in
a Quiet Nacelle and a Conventional Nacelle as Measured in the NASA-Ames
40 x 80 Foot Wind Tunnel. NASA CR-137797, January 1976.

11. Plumblee, H. E. (ed.) Effects of Forward Velocity on Turbulent Jet Mixing
Noise. NASA CR-2702, July 1976.

12. Williams, J. Problems of Noise Measurement in Ground Based Facilities
With Forward Motion Simulation (Noise Model Testing). AGARD AR-83,
Appendix 4, pp. 59-100, (1975).

13. Feller, C. E. and Merriman, J. E. Effects of Forward Velocity and
Acoustic Treatment on Inlet Fan Noise. AIAA Paper 74-946, August 1974.

14. Wilby, J. F. and Piersol, A. G. Coherence and Phase Techniques Applied
to Wind Tunnel Acoustics. AIAA Paper 77-1306, October 1977.

15. Feller, C. E. and Groeneweg, J. F. Summary of Forward Velocity Effects
on Fan Noise. AIAA Paper 77-1319, October 1977.
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17. Low, J. K. C. Effects of Forward Motion on Jet and Core Noise. AIAA
Paper 77-1330, October 1977.

18. Heidmann, J. F. and Dietrich. D. A. Effects of Simulated Flight on
Fan Noise Suppression. AIAA Paper 77-1334, October 1977.

19. Shaw, L. M., Woodward, R. P. and Glaser, F. W. Inlet Turbulence and Fan
Noise Measured in an Anechoic Wind Tunnel and Statically With an Inlet
Flow Control Device. AIAA Paper 77-1345, October 1977.

20. Blankenship, G. L. Effect of Forward Motion on Turbomachinery Noise.
AIAA Paper 77-1346. October 1977.

21. deBelleval, J-F., Chen, C. Y., and Perulli, M. Investigation of In-Flight
Jet Noise Based on Measurements in an Anechoic Wind Tunnel. Sixieme
Congres International sur l'Instrumentation dans les Installations de
Simulation Aerospatiale. Ottawa, September 22-24, 1975.

22. Bongrand, J., Julienne, A. and Perulli, M. Soufflerie Anechoique pour
la Simuation de l'Effect de Vol Sun Les Bruits des Jets (An Anechoic
Wind Tunnel for the Simulation of the Effects of Forward Velocity on
Jet Noise). L'Aeronautique et l'Astronautique, 1976, pp. 40-46.

23. Clark, B. J., Heidmann, M. F. and Kreim, W. J. Macroscopic Study of
Time Unsteady Noise of An Aircraft Engine During Static Tests. NASA
TMX-73556, November 1976.

24. Heidmann, M. F. and Clark, B. J. Flight Effects on Predicted Fan Fly-

By Noise. NASA TM-73798, December 1977.

25. Woodward, R. P., Wazyniak, J. A., Shaw, L. 11. and McKinnon, J. J.
Effectiveness of an Inlet Flow Turbulenc6 Control Device to Simulate
Flight Fan Noise in an Anechoic Chamber. NASA TM-73855, December 1977.

26. Morfey, C. L. and Tester, B. J. Noise Measurements in a Free Jet,
Flight Simulation Facility: Shear Layer Refraction and Static-to-Flight
Corrections. AIAA Paper 76-531, July 1976.

27. Clapper, W. S., Banerian, G. and Mani, R. Development of a Technique
for Inflight Jet Noise Simulation - Parts I and I. AIAA Paper 76-532,
July 1976.

28. deBelleval, J-F., Candel, S. M., Julienne, A. and Perulli, M. Analysis
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Tunnels. AIAA Paper 76-533, July 1976.

29. Tanna, H. K. and Morris, P. J. Inflight Simulation Experiments on
Turbulent Jet Mixing Noise. AIAA Paper 76-554, July 1976.

S . 30. Cocking, B. J. The Prediction of Flight Effects on Jet Noise. AIAA

Paper 76-555, July 1976.
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31. Strout, F. G. and Atencio, A. Jr. Flight Effects on JT8D Engine Jet
Noise as Measured in the 40 x 80 Foot Wind Tunnel. AIAA Paper 76-556,
July 1976.

32. Ijrevet, P., Duponchel, J. P. and Jaques, J. R. Effect of Flight on
the Noise from a Convergent Nozzle as Observed on the Bertin Aerotrain.
AIAA Paper 76-557, July 1976.

33. Sarohia, V., Parthasarathy, S. P. and Massier, P. F. Effects of External
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36. Stone, J. R., Miles, J. H. and Sargent, N. B. Effects of Forward Velocity
on Noise for a J85 Turbojet Engine With Multitube Suppressor From Wind
Tunnel and Flight Tests. NASA TMX-73542, November 1976.

37. von Glahn, U. and Goodykoontz, J. Forward Velocity Effects on Jet Noise
With Dominant Internal Noise Source. NASA TMX-71438, November 1976.

38. Stone, J..R. Flight Effects on Exhaust Noise for Turbojet and Turbofan
Engines - Comparison of Experimental Data With Prediction. NASA TMX-73552,

•,'. November 1976.

39. Atencio, A., Jr. and Soderman, P. T. Comparison of Wind Tunnel and
Flyover Noise Measurements of the YOV-1OA STOL Aircraft. NASA TMX-62166,
June 1972.

40. Atencio, A., Jr., Kirk, J. V., Soderman, P. T. and Hall, L. P. Comparison
of Flight and Wind Tunnel Measurements of Jet Noise for the XV-5B Aircraft.
NASA TMX-62182, October 1971.

41. Ahtye, W. F. and Kojima, G. K. Correlation Microphone for Measuring
Airframe Noise in Large-Scale Wind Tunnels. AIAA Paper 76-553, July 1976.

42. Merriman, J. E. and Good, R. C. Effect of Forward Motion on Fan Noise.
AIAA Paper 75-464, March 1975.

43. Stone, J. R. Prediction of In-Flight Exhaust Noise for Turbojet and
, * Turbofan Engines. Noise Control Engineering, 10, pp. 40-46,

January/February 1978.
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